with other proteins may be utilized as a strategy for
ates surface expression of calcitonin receptor-like re-NMDA receptors are composed of at least one NR1 ceptor (CRLR) through interaction with the receptor subunit and one or more NR2 subunits. There is a single while it is in the ER. The PDZ protein syntenin mediates NR1 subunit that exists in eight splice forms, while there cell surface expression of proTGF␣ through a similar are four distinct NR2 subunits (NR2A-D). Expression of mechanism. ProTGF␣ is retained in the ER by mecha-NR1 subunits in Xenopus oocytes produces small renisms that are not yet defined, and interaction with synsponses to agonist application (Moriyoshi et al., 1991) , tenin is necessary for release from the ER and subsewhile expression of NR2 alone gives no functional requent surface expression. Mutants of proTGF␣ that sponse (Monyer et al., 1992 (Chen et al., 1999) . The exit of E-cadherin from the ER is dependent on its interaction with ␤-catenin, which acts as a "chauffeur," routing E-cadherin to the basal-lateral membrane.
Interfering with ␤-catenin binding causes E-cadherin to be retained in the ER.
In the present study, we investigated the molecular basis for the variable surface expression of NR1 splice variants. To facilitate measurement of surface expression and to avoid complications of assembly with native NR2 subunits in neurons, as the N-terminal extracellular domain is important for glutamate receptor oligomerization (Leuschner and Hoch, 1999), we developed chimeric constructs of Tac receptor and NR1 C-terminal cytoplasmic tails. We identified an ER retention signal in the C1 cassette of NR1 that is functional in both heterologous cells and cultured neurons. We also unexpectedly found that a site on the C2Ј cassette, which includes the terminal four amino acid PDZ-interacting domain, could mask the ER retention of the C1 cassette and lead to surface expression. These findings raise the interest- There are eight known splice variants of NR1 including four variants of the C-terminal cytoplasmic tail ( Figure  1 ). To determine whether or not these variants are differto NR1-1b) and a trend that was not significantly differentially targeted to the cell surface, full-length conent (NR1-4b to NR1-2b of Figure 2B ). These results are structs of the NR1 variants were expressed in HeLa similar to those recently reported by Okabe et al. (1999) . cells, and surface expression was determined using an antibody to the extracellular domain, exon 5, applied to live cells (examples are shown in Figure 2A ). Total
Identification of an ER Retention Signal in the C1 Cassette expression was determined using an NR1 pan antibody after permeabilizing with Triton X-100. A diffuse, reticuOur results on the full-length NR1 constructs suggest that the cassettes C1, C2, and C2Ј contain information lar, intracellular staining was seen for all splice variants; however, for some splice variants (NR1-3b and NR1-that regulates their surface expression. To facilitate the identification of sites involved in this regulation, chime4b), small vesicular structures could also be seen more (NR1-4b) or less frequently (NR1-3b) that appeared disras of the NR1 splice variant C-terminal tails and Tac were constructed. Tac, which contains an extracellular tinct from the general web-like appearance. Surface expression, as determined by the fraction of transfected N terminus, a single transmembrane domain, and a short C-terminal tail, is constitutively expressed on the cell cells that had detectable surface staining, varied with the type of cytoplasmic tail. A blind quantitative analysis surface in its native state (Bonifacino et al., 1990 ). Tac-NR1 chimeras were transfected into HeLa cells ( Figure 2B ) showed that cells transfected with the NR1-1b variant had no surface expression, while cells transand surface expression was determined by immunofluorescence and by quantitation of anti-Tac antibody fected with the other splice variants had different levels of surface expression. While all other splice variants were bound to the surface of intact cells (Figure 3 ). Splice variant chimeras showed similar patterns of immunosignificantly different from NR1-1b, additional observations were made from these experiments: (1) C1 casstaining and surface expression by immunofluorescence. Tac-NR1-1 showed a more patchy, filamentous sette-containing splice variants showed significantly less surface expression than those without C1 (compare distribution than full-length NR1-1b, similar to that reported for full-length NR1-1 in other cell types (Okabe NR1-1b to NR1-2b, and NR1-3b to NR1-4b; Figure 2B ), and (2) C2Ј-containing splice variants showed signifiet al., 1999). Tac-NR1-2 and Tac-NR1-4 showed distributions similar to those of the full-length subunits; howcantly increased surface expression (compare NR1-3b We reasoned that a similar mechanism might be involved in the surface expression of NR1-3. One possibilby phosphorylation of serine residues in C1, in particular S912 (Ehlers et al., 1995) . We found that mutagenesis ity is that a site on the C2Ј cassette is involved in masking the ER retention signal in C1. While C2 and C2Ј are not of serine residues S918-S919 ( Figure 4B, line 9 ) or S911-S912 ( Figure 4B , line 10) had no effect on the relative similar, the most obvious difference is the presence of a PDZ-interacting domain at the C terminus of C2Ј with surface expression. This was confirmed by immunofluorescence as well (data not shown). In addition, immunowhich an endogenous PDZ protein may interact, leading Tac-NR1-1⌬920ϩ6 known to interact with NR2 subunits through their PDZ was observed on HeLa cell surface, whereas Tac-NR1-binding domains. NR1-1a or NR1-4b were cotransfected 1⌬926 was not ( Figure 5D ). The results are consistent with PSD-95, PSD-93, SAP102, and SAP97 and interacwith the interpretation that the PDZ domain is interacting tions were determined by coimmunoprecipitation. We with a protein endogenous to HeLa cells to allow surface expression.
found that NR1-4b but not NR1-1a coimmunoprecipi- and incubated with the HRP-conjugated secondary antibody as above. All wells were washed with 3 ml of PBS three times before C-terminal cytoplasmic tail amino acids. DNA fragments of NR1 coding regions were obtained by PCR with primers containing flankthe colorometric reaction. Ortho-phenylenediamine (OPD; Sigma) (0.8 ml/well) was added and the color reaction allowed to proceed ing sequences of NR1, as well as XbaI only (C2Ј-containing variants), or XbaI and EcoRV sites at 5Ј and 3Ј ends, respectively. Constructs for 30 min. The reaction was terminated with 0.2 ml 3 M HCl, and the optical density was measured at 492 . Experimental values are containing Tac alone, with its 13 amino acid C-terminal tail were transfected as controls (Figure 4) . Mutagenesis was performed on expressed as the mean Ϯ SD of the ratio of surface to permeabilized values for each transfection. Significance was determined using an both Tac-NR1 splice variant coding regions using the QuickChange site-directed mutagenesis kit (Stratagene). The NR1 areas of each unpaired Student's t test and is indicated by an asterisk. chimera were sequenced entirely to confirm appropriate sequence, mutation, and reading frame.
Immunofluorescence Microscopy HeLa cells were transfected with 2-4 g plasmid DNA per 2 ml well using the Calphos Kit. Media was changed 12 hr later. ImmunostainCell Culture 
Neuronal Transfections
Neurons (3 div) were transfected with the appropriate cDNA using the calcium phosphate coprecipitation method as previously deSubcellular Fractionations Adult Sprague-Dawley rat forebrains were homogenized in sucrose scribed (Taylor, 1999) . Three micrograms of total DNA were used per well of the 24-well dish. Precipitate was allowed to form on cells buffer (0.32 M sucrose, 0.05 M Tris-HCl, pH 7.5, 0.2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), 10 M EDTA, for ‫54ف‬ min, followed by two washes with serum-free media. The cells were returned to conditioned media and maintained at 37ЊC 1 0M leupeptin, 1 M pepstatin). The homogenate was subfractionated by centrifugation at 1,000 ϫ g for 8 min and the supernatant in a 5% CO 2 incubator for an additional 4-7 days. S1 removed and further centrifuged at 10,000 ϫ g for 20 min. The P2 pellet was discarded. The S2 fraction was centrifuged at 12,000 ϫ Immunostaining of Neurons g for 30 min, and the supernatant recovered and centrifuged at For surface and permeabilized staining of neuronal cultures, cov-140,000 ϫ g for 120 min. The resulting pellet, P3, was resuspended erslips were washed twice in PBS and primary antibody (Tac) was in 50 mM Tris-HCl, pH 7.4, containing the protease inhibitor cocktail applied at room temperature. After three washes, neurons were described above at protein concentrations of 4 mg/ml. fixed for 20 min in 4% sucrose-4% paraformaldehyde in phosphate buffered saline (PBS). Neurons were then blocked for 30 min in 10% NGS and treated with an FITC-conjugated secondary antibody for Immunoprecipitation Immunoprecipitation experiments were performed as described 30 min at room temperature. After washing 3 times in PBS, neurons were subjected to pemeabilization for 5 min in 0.25% Triton X-100.
previously (Blahos and Wenthold, 1996) . Briefly, HEK293 cells were sonicated in 0.05 M Tris-HCl (pH 9) with protease inhibitors and After washing, neurons were blocked again for 1 hr with 10% NGS. Neurons were then treated with the primary Tac antibody for 1 hr solubilized in 1% deoxycholate. Insoluble material was removed by centrifugation and immunoprecipitation reactions were carried out to assess permeabilized staining, then washed and treated with a rhodamine-conjugated secondary antibody. The neurons were as described below. For rat brain, P3 fractions were solubilized in 0.05 M Tris HCl (pH 7.4) with 1% Triton X-100 for 30 min at 4ЊC. washed and mounted with Prolong (Molecular Probes) and visualized on a Zeiss Axiophot microscope.
Insoluble material was removed by centrifugation and the supernatant was stored at Ϫ80ЊC until the immunoprecipitation reactions were performed. For immunoprecipitation, 10 l of the appropriate Quantitative Assay of Surface Expression antiserum was added to 50 l (resuspended resin) of protein A To quantify relative surface expression, 8 g of plasmid DNA was agarose beads in PBS containing 0.1% Triton X-100 for at least 2 transfected into HeLa cells that were ‫%05ف‬ confluent. Cells were hr at 4ЊC. Protein A beads were then pelleted, washed in PBS plus washed with media after 12 hr, trypsinized, and aliquoted equally 0.1% Triton X-100, and incubated with 1 ml of the detergent-solubi- (Man et al., 2000) . Surface staining with the Tac antibody was perlized fraction at 4ЊC with constant rotation. The beads were then formed on ice for 1 hr with 3 of the 6 wells per transfected plate (at washed with 50 mM Tris-HCl, pH 7.5, containing 0.1% Triton X-100 least three separate transfections per construct). Cells were then and 150 mM NaCl. After the last wash, the beads were resuspended washed with PBS, fixed for 20 min in 4% paraformaldehyde, treated in 2ϫ SDS sample buffer (100 l) and boiled for 3 min. with 0.25% Triton X-100 for 5 min, and blocked for 1 hr with 10% normal goat serum (NGS). Washing was followed by incubation with an HRP-conjugated secondary antibody (1:2500; Amersham). For
SDS-PAGE and Immunoblot Analysis
Proteins were separated with SDS-PAGE (4%-20% gradient gels) permeabilized total staining, 3 of 6 wells per transfection were first fixed with paraformaldehyde, then treated with Triton X-100 as and transferred to nitrocellulose or PVDF membranes. Membranes
